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ABSTRACT 
Top-down cracking is a primary fatigue cracking and widespread mode of failure 
in asphalt concrete pavement. Top-down cracking exists in asphalt pavement layers, 
initiating at the surface of the pavement and propagating downward through the asphalt 
layer.  This phenomenon of the top-down cracking commonly occurs in the United States 
and has recently attracted a huge amount of interest from pavement engineers. 
Top-down cracking is affected by multiple factors, including pavement materials, 
pavement structures, heavy traffic, and local climate. The thermal stress caused by low 
pavement temperature or temperature variation is a critical factor for affecting the top-
down cracking in the asphalt pavement layers. The “thermal loading” is regarded as the 
effect of the thermal stress due to low temperature or result of temperature variation. 
Weather data are required for the development of the pavement temperature model and 
further computation of thermal stress. The climate data that contain daily air 
temperature, daily average wind speed, and hourly solar radiation are collected from the 
Long-Term Pavement Performance (LTPP) and National Climate Data Center (NCDC) 
databases. In addition, this pavement temperature model also requires site-specific 
pavement parameters, including the albedo, emissivity and absorption coefficients, and 
thermal conductivity for further modeling the viscoelastic thermal stress prediction. The 
viscoelastic thermal stress model has been developed by the finite difference solution to 
the viscoelastic constitutive equation based on Boltzmann’s Superposition Principle 
 iii 
 
using the Prony series representation of relaxation modulus. Aging of the asphalt binder 
is taken into account in this study.  
The study develops a mechanistic-empirical approach to predict the top-down 
cracking under thermal loading in the asphalt pavement layer. This proposed 
mechanistic-empirical method is based on the modeling of pavement temperature, 
thermal stress, and thermal cracking. The prediction of top-down cracking in asphalt 
pavement layer is established by using Paris law and conducted by programming in the 
C# language. Its fracture coefficients are determined by pavement materials and the 
stress intensity factor is deduced by results from the viscoelastic thermal stress model.  
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1. INTRODUCTION
Top-down cracking is a primary fatigue cracking and widespread mode of failure 
in asphalt concrete pavement. Top-down cracking exists in asphalt pavement layers 
initiating at the surface of the pavement and propagating downward through the asphalt 
layer, as shown in the figure 1.  This phenomenon of the top-down cracking commonly 
occurs in the Unites States and has recently attracted a huge amount of interest of 
pavement engineers. The primary objective of this study is to develop a mechanic-
empirical model for predicting top-down cracking of asphalt pavement layers under 
thermal loading. 
Figure 1. Top-Down Cracking on US 85, Colorado [23] 
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Top-down cracking is affected by multiple factors including pavement materials, 
pavement structures, heavy traffic, and local climate. The thermal stress caused by low 
pavement temperature or temperature variation is a critical factor for affecting the top-
down cracking in the asphalt pavement layers. The “thermal loading” is regarded as the 
effect of the thermal stress due to low temperature or result of temperature variation. A 
thermal stress response model that estimates thermal stress can be a significant part of 
the top-down cracking prediction. The thermal stress model was developed for 
predicting thermal crack length [5, 17]. 
The mechanisms of top-down cracking have been proposed and developed by 
several researchers. Some of researchers have developed experimental methods to 
provide material properties to assess the susceptibility of asphalt mixtures to top-down 
cracking [19]. Some researchers proposed hypotheses with regard to the mechanisms of 
top-down cracking [18]. Moreover, some researchers have conducted analytical work 
leading to develop the preliminary models offering the potential to estimate the initiation 
and propagation of top-down cracking [20]. However, these hypotheses, test method, 
and proposed models are limited to perform. More researches are further needed to 
evaluate the hypotheses and fracture models.  This study is focusing on development of 
the thermal response model to predict the thermal-related top-down cracking.  
The advantage of this study for the prediction of the thermal-related top-down 
cracking is using site-specific climate information, the simple mixture properties 
information that obtained from website database, and computer program that is needed 
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to be developed to achieve this prediction. Required information is obtained from 
website database conveniently. Budget is low without the laboratory tests.  
The collection of required information is crucial part of this study work. The 
sufficient and high-quality data are needed for this study. The weather data are required 
for the development of the pavement temperature model and computation of thermal 
stress. The climate data that contains daily average wind speed, daily air temperature, 
and hourly solar radiation are collected from LTPP database and NCDC database. In 
addition, this pavement temperature model also requires site-specific pavement 
parameters including the albedo, emissivity and absorption coefficients, and thermal 
conductivity for modeling the viscoelastic thermal stress prediction. The viscoelastic 
thermal stress model has been developed by the finite difference solution to the 
viscoelastic constitutive equation based on Boltzmann’s Superposition Principle using 
the Prony series representation of relaxation modulus. 
A mechanistic-empirical approach to predict the top-down cracking under 
thermal loading in the asphalt pavement layer is developed in this study. This proposed 
mechanistic-empirical method is primarily based on the modeling of pavement 
temperature, thermal stress, and fatigue cracking. The prediction of top-down cracking 
in asphalt pavement layer is established by using Paris law and conducted by 
programming in the C# language. Its fracture coefficients are determined by pavement 
materials and the stress intensity factor is deduced by results from the viscoelastic 
thermal stress model. 
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1.1 Research Objectives 
The objective of this thesis study is intended to propose a mechanistic-empirical 
approach to predict the top-down cracking under thermal loading in the asphalt 
pavement layers with consideration of aging of asphalt binder effecting on the modulus 
of mixtures. The series of programs would be developed to predict the pavement 
temperatures, thermal stress and thermal-related top-down crack growth using the C# 
language and require fundamental material properties and climate data as inputs for 
further calculation. 
1.2 Thesis Outline 
This thesis is organized into five chapters. Chapter 2 provides results of literature 
review about the prediction of thermal-related top-down cracking in asphalt pavement 
layers. Chapter 3 describes in detail the modeling of thermal-related top-down cracking 
including the estimation of pavement temperature, thermal stress, and crack growth. 
Chapter 4 analyzes the results of one case study by using the proposed approach to 
predict the propagation of thermal-related top-down cracking and the developed 
computer program for entire calculations. Chapter 5 summaries the main conclusions of 
this study and envisions the future works.  
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2. LITERATURE REVIEW 
 
This chapter provides the results of literature review about the prediction of 
thermal-related top-down cracking in asphalt pavement layers.  
2.1 Definitions 
 Top-down cracking is a primary fatigue cracking and common mode of failures 
in asphalt concrete pavement. Top-down cracking exists in asphalt pavement layers 
initiating at the surface of the pavement and propagating downward through the asphalt 
layer.   
2.2 Factors of Crack Propagation 
Top-down cracking is affected by multiple factors including pavement materials, 
pavement structures, heavy traffic, and local climate. The results of literature reviews 
show that material properties as a contribution to the top-down cracking include asphalt 
mixture composition, modulus variation, fracture properties and thermal properties. The 
influence on the propagation of top-down cracking due to pavement structure includes 
extremely thin or thick asphalt layers and stabilized and unstablized base course. The 
traffic factors involve the load magnitude and distribution and load spectrum. The 
Climate components contain the pavement temperature, aging of asphalt binder and 
development of thermal stress.  
2.3 Previous Research  
This study focuses on thermal-related top-down cracking in asphalt pavement 
layers. Therefore, material properties, including asphalt mixture composition, modulus 
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variation, fracture properties and thermal properties and climate components, including 
pavement temperature, aging of asphalt binder and development of thermal stress would 
be analyzed in this study. 
The Pavement temperature was previously predicted by the Enhanced Integrated 
Climate Model (EICM), which is one-dimensional model with heat and moisture 
simulation and later incorporated into Mechanistic-Empirical Pavement Design Guide 
(MEPDG) to combine pavement design with modeled pavement temperature [11]. The 
EICM model utilizes a finite-difference approximation approach for the calculation of 
models of heat transfer in asphalt pavement layers involving outgoing long-wave 
radiation, absorption of solar radiation, convective heat transfer and a temperature 
boundary condition under the pavement. However, in comparison with measure 
pavement temperature, some large errors appeared in the prediction of pavement 
temperature using the EICM model [1]. The incorrect pavement temperature estimation 
would cause later biased calculation for the crack propagation. 
A previous research conducted by Rongbin Han et al [16] proposed one 
applicable pavement temperature model to estimate the pavement temperature changing 
with depth and time. The hourly pavement temperature would be calculated by using the 
model-required climate data obtained from available database and optimization of site-
specific pavement parameters. The model-required climate data contain daily average 
wind speed, hourly solar radiation, and hourly air temperature. The specific pavement 
parameters include albedo, emissivity, thermal diffusivity, absorption coefficient, and 
the model parameters, a and d. This improved pavement temperature model more 
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accurately predict the hourly pavement temperature for a large range of pavement 
sections and would accepted in this study.  
The National Cooperative Highway Research Project 1-41 recommends an 
approach to compute the viscoelastic thermal stress using general form of thermal stress 
integration [1]. Relaxation modulus modeled by Dirichlet series is used to calculate the 
viscoelastic thermals tress at the tip of crack. However, the aging of asphalt binder is not 
considered to effect the relaxation modulus. In this study, the finite different solution of 
the thermal stress integration is provided to further development of thermal stress 
computer program. The more coefficients of Prony series model are provided and the 
consideration of aging of asphalt binder is taken into this study for more accurate results 
of relaxation modulus. 
The aging research from Luo et al. [9] targets the field pavement aging and aims 
at characterizing and predicting field aging using the kinetics-based modeling including 
the field mixture moduli and field aging temperature [9]. The calibrated parameters 
involving rheological activation energy and modulus activation energy are provided in 
this study. This kinetic-based aging prediction of asphalt mixtures is adopted in this 
study for calculation of aged reference modulus and aged thermal stress. 
The previous studies [1,21] utilized Paris law for estimation of crack propagation 
in the asphalt pavement layers. Stress intensity factor is used in these research work 
obtained by regression equation developed by using material properties or by Artificial 
Neural Network model. However, the use of pseudo J-integral in this study replacing 
stress intensity factor would be better for the prediction of crack growth. That is because 
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the J-integral is the way to calculate the strain energy release rate and the stress intensity 
factor is used to predict the stress state near the tip of crack. The J-integral could be 
interpreted as a plastic fracture mechanics and the stress intensity factor is used in linear 
elastic fracture mechanics. Moreover, the fracture parameter obtained based on material 
properties simplifies the estimation of crack growth without performing tests in this 
study.  
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3. MODELING OF THEORETICAL MODELS FOR TOP-DOWN 
CRACKING UNDER THERMAL LOADING 
 
Chapter 3 describes in detail the modeling of thermal-related top-down cracking 
including the estimation of pavement temperature, thermal stress, and crack growth. The 
aging of asphalt binder is taken into consideration in this study for prediction of 
reference modulus and thermal stress.  
3.1 Prediction of Temperature in an HMA Pavement Modeling 
The estimation of pavement temperature is considered as the first step for 
predicting the thermal-related top-down cracking. Increasing the accuracy of calculating 
the pavement temperature with depth in a pavement structure is considered due to the 
relevance of the thermal stress. The pavement temperature with depth is crucial factor to 
accomplish the computation of thermal stress. The thermal stress is essential 
contribution to the growth of top-down cracking under thermal loading.  
The pavement temperature model developed by the research group at Texas 
A&M University [1] is adopted in this study to better predict temperature variations over 
time and depth in asphalt pavement layers. This pavement temperature model is a new 
one-dimensional model developed based on energy balance between radiation and 
conduction energy. The heat transfer activity is presented schematically in figure 1. A 
variety of sources of heat transfer at the pavement surfaces are required for 
implementing the pavement temperature model, including solar radiation, emission by 
long-wave radiation to the atmosphere, absorption of atmospheric down-welling long 
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wave radiation by pavement surface, convective heat transfer that is enhanced by wind 
[16]. The heat is transferred by conduction under the pavement surface and inside the 
pavement structure. The heat transfer enhancement by precipitation is not included in 
this pavement temperature model. The mathematical computation details of this 
pavement temperature model is described as following.  
 
 
Figure 2. Graphical Representation of Heat Transfer Model of Pavement [1] 
 
3.1.1 Heat Transfer in Pavement 
The classical thermal diffusion equation provided in equation 1 is used to define 
heat transfer activities [16].  
2
2
T T
t x

 

 
         (1) 
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where 
T = the pavement temperature as a function of time and depth 
   below pavement surface x; 
α = the thermal diffusivity; 
α = k/ρC where k is the thermal conductivity; 
ρ = the density; and 
C = the pavement heat capacity. 
3.1.2 The Surface Boundary Condition 
For surface boundary condition, different elements of pavement surface are 
considered. Because thermal energy will change to fluxes from above and inside 
pavement. The various fluxes presented in figure 1 contribute the following surface 
condition [16].  
2
s
s s a r c f
Tx
C Q Q Q Q Q Q
t
 

      

       (2) 
where 
 ρC = volumetric heat capacity of the pavement; 
 Ts = pavement surface temperature; 
 x = the depth below the pavement surface; 
 
Δx
2
 = the (differential) pavement thickness for the energy balance; 
 Qs = heat flux due to solar radiation; 
?̃? = albedo of pavement surface, the fraction of reflected solar
 radiation; 
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 Qa = down-welling long-wave radiation heat flex from the atmosphere; 
 Qr = outgoing long-wave radiation heat flux from the pavement 
   surface; 
 Qc = the convective heat flex between the surface and the air; and 
 Qf = the heat flux within the pavement at the pavement surface.  
The absorption and emission of long-wave radiation (in  𝑊 ∙ 𝑚−2) are computed by 
equation 3 and 4 [16]. 
4
a a aQ T             (3) 
4
r sQ T           (4) 
where 
 𝜖𝑎 = absorption coefficient of pavements; 
𝜖 = emission coefficient of pavements; 
 Ts = pavement surface temperature, K; 
 Ta = air temperature, K; and 
  𝛼 = 5.68 × 10−8𝑊 ∙ 𝑚−2𝐾−4 is Stefan-Boltzman constant. 
The convective heat flux (in  𝑊 ∙ 𝑚−2) is determined by equation 5 [16]. 
 c c s aQ h T T            (5) 
where  
 hc = is the heat transfer coefficient from the empirical equation 6 [11]. 
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  
0.3
0.3
698.24 0.00144 0.0097
2
ds a
c s a
T T
h a abs U abs T T
    
       
    
   (6) 
where 
 U = the hourly wind speed (𝑖 𝑚 ∙ 𝑠−1); and 
 a, d = two-dimensionless empirical parameters. 
The heat flux above the pavement surface is calculated by Fourier’s equation 7 [16]. 
s
f
T
Q k
x



          (7) 
where 
 Ts = pavement surface temperature; and  
 K = thermal conductivity of asphalt concrete (in  𝑊 ∙ 𝑚−1 ∙ 𝑘−1). 
Combining and substituting these above equations, the thermal energy balance at the 
pavement surface yields the surface boundary condition, which is provided in equation 8 
[16]. 
 4 4
2
s s
s s a a s c s a
T Tx
pC Q Q T T h T T k
t x
   
 
       
 
    (8) 
3.1.3 The Bottom Boundary Condition 
Based on literature reviews and LTPP database, it was found that the pavement 
temperatures beyond 2m pavement depth have a tendency in approximately linearly 
changing with depth. Therefore, the bottom boundary condition was utilized at a 
pavement depth of 3m [16].  
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s
m
T
indenpent of depth
x



       (9) 
3.1.4 Numerical Solution of Model 
This pavement temperature model is implemented numerically by using a finite 
different approximation method. The model input data are required to solve this model, 
including climate data and site-specific pavement parameters. The climate data include 
daily average wind speed, hourly air temperature, and hourly solar radiation. The model 
parameters are albedo, emissivity, thermal diffusivity, absorption coefficient, and heat-
transfer coefficient parameters (a and d). In this numerical solution, the pavement 
thickness is broke up into various cells. These cells are described as thicker close to the 
pavement surface and thinner downward deeper pavements and each one of these cells 
are specified a temperature in the beginning of the computation as an initial condition. 
The next step is to calculate a new temperature for each cell at each time step [16]. 
3.1.5 Obtaining Temperature Model Input Data and Parameters 
The inputs for pavement temperature model requires precise site-specific hourly 
climate data and model parameters [8]. The model inputs for the climate data include as 
follows: 
1) Hourly solar radiation; 
2) Hourly air temperature; and 
3) Daily average wind speed. 
The other model inputs for model parameters are described in the following: 
1) Albedo; 
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2) Emissivity; 
3) Absorption coefficient; 
4) Thermal diffusivity; and  
5) Heat-transfer coefficient parameters (a and d). 
Hourly solar radiation could be obtained from the National Solar Radiation 
Database (NSRDB).  The Solar radiation data can be modeled by using Meteorological-
Statistical (METSTAT) models or State University of New York at Albany (SUNY). 
The MESTSTAT model is based on the estimates from meteorological data and 
statistical modifications. The SUNY model derives solar radiation measurements from 
image brightness data and averaged ancillary data. The MESTSTAT model is based on 
the estimates from meteorological data and statistical modifications. Hourly solar 
radiation data modeled by both SUNY model and MESTSTAT model are available at 
NSRDB website and cover almost whole United States from 1990 to 2014 [16].  
Daily average wind speed could be obtained from the Long-Term Pavement 
Performance (LTPP) database and National Climate Data Center (NCDC) database or 
the other meteorological network in each state. Even though the accurate site-specific 
daily average wind speed is preferred, the interpolation between close locations is 
accepted to make if site-specific daily average wind speed data cannot be obtained in the 
meteorological database. That is because the pavement temperature model is not 
extremely sensitive to the wind speed and the daily average values are adequate [16]. 
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Hourly air temperature data could be collected from NCDC database. The 
following steps have been made to collected hourly air temperature data at various 
locations in the United States from NCDC database (http://www.ncdc.noaa.gov/). 
1) Go to NCDC database homepage; 
2) Go to Data Access; 
3) Go to Quick Link; 
4) Find number 3 resources (Integrated Surface Data, Hourly, Global); and 
5) Select ISD/CDO. 
Even though the hourly air temperature data could be obtained from NCDC 
database, several attempts show that some hourly air temperature data at various location 
collected from NCDC database are inadequate and unavailable for specific locations. 
Thus, the reasonable prediction of the hourly air temperature are required for accurate 
pavement temperature computation. A method was developed to predict the hourly air 
temperature based on daily average air temperature, daily maximum air temperature, and 
daily minimum air temperature. A conventional method to calculate hourly air 
temperature is to fit a sinusoidal function to predict the temperature variations [7, 11]. 
Nevertheless, the hourly air temperature profiles are not exactly sinusoidal shape. 
Therefore, a more accurate estimates of air temperature is required to implement the 
non-sinusoidal pattern. An imputation approach had been developed to determine the 
hourly air temperature. The representative pattern of daily air temperatures over a whole 
year is supposed to be determined firstly by using time series analysis of a seasonal trend 
decomposition [12]. This pattern could be used to construct the hourly air temperature 
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depending on daily maximum air temperature, daily minimum air temperature, and daily 
average air temperature, which are collected from the LTPP database. The following 
steps is to locate these daily air temperature information in LTPP database 
(https://infopave.fhwa.dot.gov/). 
1) Go the LTPP homepage; 
2) Go to Data; 
3) Go to Data Selection and Download; 
4) Go to Climate 
5) Check the “Show Advanced Data Classification” button; and 
6) Select the “daily” under the “Temperature” and “VWS”. 
In order to determine an accurate estimate of pavement temperature based on the 
temperature mode, numerical values need to be interpolated from the collected site-
specific pavement parameters from NCDC or NSRDB database, including albedo, 
emissivity, thermal diffusivity, absorption coefficient, and model parameters (a and d).  
3.2 Prediction of Viscoelastic Thermal Stress 
The top-down cracking of asphalt pavement layers are significantly affected by 
thermal stress and binder aging effects. Primarily, the thermal and aging effects would 
accelerate the initiation propagation process of these top-down cracks. The thermal 
stress in the pavement structure is the result of temperature variation. The pavement 
temperature with depth detailed in the above part will contribute to the computation of 
thermal stress in the pavement structure. This part would focus on the computation of 
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viscoelastic thermal stress in the asphalt pavement layers. The aging of asphalt binder 
will also be taken into account for the computation of viscoelastic thermal stress.  
In order to determine the viscoelastic thermal stress, the dynamic modulus data 
was used to determine the relaxation modulus and shift factor at specific time for 
computation of the thermal stress of asphalt pavement layers. The Dynamic modulus 
data for the selected pavement sections in each climate zone are collected from LTPP 
database to develop the master curve for different temperature. The climate zone 
constitutes the Wet-Freeze (WF) zone, Wet-None-Freeze (WNF) zone, Dry-Freeze (DF) 
zone and Dry-None-Freeze (DNF) zone. It is known that the asphalt mixture was 
viscoelastic materials. The master curve is used to determine the time-temperature 
mechanical properties of linear viscoelastic materials at a reference temperature. The 
room temperature, 20℃ is used in this study as a reference temperature. The dynamic 
modulus master curve is constructed by using the sigmoidal function described in 
following equation  [3].  
3 4
2
1 log
log ( )
1 r
r c c t
c
E t c
e

 

        (10) 
where  
E = the dynamic modulus;  
c1 = the minimum value of the logarithm of dynamic modulus; 
c1 +c2 = the maximum value of the logarithm of dynamic modulus; 
c3, c4 = the parameters describing the shape of the sigmoidal
  function; and 
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𝑡𝑟 = the reduced time and inverse of reduced frequency of
   loading.  
 In the master curve of dynamic modulus determined by the concept of time-
temperature superposition, the dynamic modulus is determined by replacing real time 
with reduced time according to following equation. 
r
T
t
t
a
             (11) 
 where 
𝑡𝑟 = the reduced time and inverse of reduced frequency of 
loading; 
t = the real time; and  
𝑎𝑇 = the temperature shift factor; 
 The shift factor is determined by using the Arrhenius model, as shown in the 
below equation.  
0
1 1
log T
Ea
a
R T T
 
  
 
        (12) 
 where 
  Ea = activity energy (regarded as a fitting parameter); 
  R = universal gas constant; 
  T = test temperature, K; and 
  𝑇0 = reference temperature, K; 
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The relaxation modulus data are determined by converting the dynamic modulus 
data. The Prony series form of a relaxation modulus is assumed as presented in below 
equation. The coefficients of the Prony series are determined by fitting the constructed 
dynamic modulus master curve. The equation 13 and 14 are utilized to accomplish this 
conversion between the relaxation modulus and the dynamic modulus.  
 
1
i
tN
i
i
E t E e




          (13) 
where 
E(t) = the relaxation modulus at reduced time t; 
Ei, λi = the Prony series parameters for relaxation modulus curve.  
 
2 2
*
2 2 2 2
1 11 1
N N
j j j j
j jj j
E E
E
  

    
   
           
         (14) 
Where 
E*(ω) = the dynamic modulus at the angular frequency ω; 
Ei, λi = the Prony series parameters. 
The thermal stress in a pavement is computed according to the below constitutive 
equation 15, which is the Boltzamann’s Superposition Principle for linear viscoelastic 
materials. The time-temperature dependent relaxation modulus of the asphalt mixture is 
required to compute the thermal stress. The finite different solution has been developed 
[13] by using the Prony series representation of E(ξ). This finite different solution is 
presented in equation 16. 
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where 
σ (ξ) = thermal stress at reduced time ξ; 
E(ξ- ξ’)= the relaxation modulus at reduced time ξ- ξ’; 
  = the strain at reduced time ξ(=α(T(ξ’)-T)); 
α = linear coefficient of thermal contraction; 
T(ξ’) = pavement temperature at reduced time ξ’; 
T0 = pavement temperature when σ=0; and 
ξ’ = the variable of integration; 
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     (16) 
 where 
Δε = the changes in strain; 
Δξ = the changes in reduced time; 
  Furthermore, the aging of asphalt binder will be taken into account for more 
accurate computation of thermal stress in asphalt pavement layers with time. It is known 
that dynamic modulus of asphalt mixture will increase due to the aging effect. However, 
most researchers didn’t consider the aging effect on the computation of thermal stress in 
asphalt pavement layers. The rheological activation energy approach [9] has been 
accepted in this study to model the aged modulus for further calculating the thermal 
stress with regard to unavailable aged dynamic modulus data in the online database. The 
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procedures of computation of thermal stress with consideration of the aging effect are 
summarized as follows.  
 Firstly, aged viscosity of an asphalt binder is determined in the following 
equation. 
arE
RT
rA e             (17) 
 where 
  η = the bitumen viscosity; 
  𝐴𝑟 = the rheological pre-exponential factor; 
  𝐸𝑎𝑟 = the rheological activation energy of an asphalt binder; and 
  T = the absolute temperature; 
 Secondly, Witczak’s predictive dynamic modulus model is utilized in this study 
to characterize the aged dynamic modulus of asphalt mixture, which is provided in the 
following equation [21].  
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  (18) 
 where 
  E  = asphalt mixture dynamic modulus, in 105 psi; 
  η = bitumen viscosity, in 106 posie; 
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  f = load frequency, in Hz; 
  𝑉𝑎 = percent of air voids in the mixture %, by volume; 
𝑉𝑏𝑒𝑓𝑓 = percent of effective asphalt content %, by volume; 
  𝑃200 = percent of aggregate passing #200 sieve; 
  𝑃4 = percent of aggregate retained #4 sieve; 
𝑃3/8 = percent of aggregate retained in 3/8 inch sieve; 
𝑃3/4 = percent of aggregate retained in 3/4 inch sieve; 
 Thirdly, construct the master curve by using the sigmoidal function described in 
equation 11 based on the aged dynamic modulus data.  
 Fourthly, convert dynamic modulus to relaxation modulus by using the Prony 
series model described in the equation 13 and 14.  
Fifthly, the aged relaxation modulus is used in computation of thermal stress in 
the asphalt pavement layers.  
The simple flow chart of the computation of the viscoelastic thermal stress in the 
asphalt pavement layers is depicted in the following figure based on the original 
condition and aging effect.  
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Figure 3. Process of the Computation of Viscoelastic Thermal Stress 
 
3.3 Prediction of Viscoelastic Thermal Cracking 
3.3.1 Viscoelastic Thermal-Related Top-down Cracking Model 
 The viscoelastic thermal crack model is developed in this study based on the 
Paris’ Law for crack propagation. The Paris’ Law is commonly used to characterize the 
fracture growth and predict the change in the depth of a crack subject to a cooling cycle, 
provided in the equation 19. In this study, the top-down cracking of asphalt pavement 
layers under thermal loading is considered primarily in the vertical pavement structure, 
as shown in the figure 4.  
 
n
c A K    or  
n
Rc A J          (19) 
 where 
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  ΔC   = change in crack depth due a cooling cycle; 
  ΔK   = change in the stress intensity factor due a cooling cycle; 
  𝐽𝑅 = pseudo J-integral; and 
  A, n  = fracture parameters for the asphalt mixture  
 
 
Figure 4. Schematic of Crack Depth Model [22] 
 
 The value of K in the above equation is stress intensity factor that is used to 
predict the stress state near the crack tip. The J-integral is the way to calculate energy 
release rate due to the crack growth. The fracture mechanical model using Paris’ Law is 
used to predict the crack propagation of viscoelastic, viscoplastic, viscofracturing 
material type like asphalt mixture in this study. By the definition, K is formulated and 
applied to the linear elastic material and J is applied to the elastic plastic fracture 
materials [14]. Pseudo J-integral is preferred to be adopted in this study. A conversion 
from K to 𝐽𝑅 is presented in the following relationship [14]. 
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 where 
  𝐽𝑅 = pseudo J-integral; 
  υ = Poisson’s ratio; 
  𝐾1 = the Mode 1 (opening) stress intensity factor; 
  𝐾2 = the Mode 2 (in-plane shear) stress intensity factor; 
  𝐾3 = the Mode 3 (out of plane shear) stress intensity factor; and  
𝐸𝑅 = reference modulus; 
 The reference modulus used in this study is determined by equation 20, which is 
referred to the representative elastic modulus [4]. The dynamic modulus and relaxation 
modulus data are required to determine the reference temperature. The dynamic 
modulus, |𝐸∗| is determined by equation 10 based on the constructed master curve 
(where 𝑓 = 1 Hz). The relaxation modulus E used in equation 21 was developed as a 
simple power law model (where 𝑡𝑝 = 1 s), presented in the equation 22. Relaxation 
modulus modeled by power law would be determined by the relaxation modulus data 
modeled by Prony series equation 13.  
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 where 
  𝐸𝑟𝑒 =  reference modulus (representative elastic modulus); 
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  |𝐸∗| = dynamic modulus at the frequency of f; and 
  E = relaxation modulus at the time of 𝑡𝑝/2.   
  1
mE t E t            (22) 
 where 
  E(t) =  relaxation modulus at reduce time t; and  
  𝐸1, 𝑚 = the coefficients of the relaxation modulus.  
 In the consideration of aging in the asphalt mixture, the dynamic modulus and 
relaxation modulus will increase with time. Thus, the reference modulus used in the 
calculation of crack growth would also increase with time. The kinetics-based aging 
prediction of the asphalt mixtures has been proposed in Luo et al [9] and used in this 
study for the calculation of aged reference modulus. The aged modulus has been 
modeled using the following equations.  
  1 fk ti o i cE E E E e k t             (23) 
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 Where 
  𝐸𝑖 = the initial modulus; 
  𝐸0 = the intercept of the constant-rate line of modulus; 
𝐸𝑎𝑓 = the fast-rate aging activation energy for modulus;  
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𝐸𝑎𝑐 = the constant-rate aging activation energy for modulus; 
 
  𝑘𝑓 = the fast-rate reaction constant for modulus; 
  𝐴𝑓 = the fast-rate pre-exponential factor for modulus;  
𝑘𝑐 = the constant-rate reaction constant for modulus; 
  𝐴𝑐 = the constant-rate pre-exponential factor for modulus; 
  R = universal gas constant value. 
  𝑇𝑎 = the aging absolute temperature;  
3.3.2 Determination of Fracture Parameters by Performance-related Properties 
 The fracture parameters A and n are related to the cracking performance. The 
determination of A and n depends on the performance-related material properties. In this 
study, it is considered that relaxation modulus, air voids content, asphalt binder content, 
aggregate gradation characteristics are mostly used for asphalt pavement design and 
related to the asphalt pavement performance. Thus, these performance-related material 
properties are used to determine the fracture parameters, A and n.  
These performance-related material properties can be obtained from LTPP 
database. The following steps have been made to collect material properties at various 
locations in the United States from LTPP database (https://infopave.fhwa.dot.gov/). 
1) Go the LTPP homepage; 
2) Go to Data; 
3) Go to Data Selection and Download; 
4) Go to Structure 
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5) Check the “Show Advanced Data Classification” button; and 
6) Select the “AC Mixture Properties” under the “AC” and “Material”. 
7) Select the “AC Mixture Properties (Test Results – Asphalt Concrete)” under 
the “AC” and “Material”. 
The step 6 mentioned above is taken to collect the air voids content, asphalt 
binder content data and aggregate gradation data. The step 7 shown above is access to 
dynamic modulus data at different pavement sections. The dynamic modulus data 
obtained herein would be used to convert relaxation modulus. The aggregate gradation 
data collected herein would be used to fit the curve of the cumulative percentage passing 
versus the sieve size using an appropriate power law function, as shown below [2]. 
 f x x            (26) 
 where 
  𝑓(𝑥) =  cumulative percent passing; 
  𝑥 = sieve size; 
  𝜃 = the aggregate scale parameter; and 
  ϕ = the aggregate shape parameter. 
The fracture parameters, A and n, are determined by equations 27 and 28 based 
on Luo’s work [2]. The relationship between the logarithm of A and n was identified as a 
power relation, as shown in equation 27. The relationship between the n value and 
selected performance-related material properties was conducted based on multiple 
regression analysis, as provided in equation 28.  
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 where 
  A, n = fracture parameters.   
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 where 
  n =  fracture parameter; 
  AV% = air voids content of asphalt mixture; 
  AB% = asphalt binder content of asphalt mixture; 
  ϕ = the aggregate shape parameter; and 
  𝐸1, 𝑚 = the coefficients of the relaxation modulus.    
3.3.3 Procedure to Predict Cracking under Thermal Loading 
In this study, the total amount of 63 sections in four climate zones are selected 
from LTPP database to predict top-down cracking of asphalt pavement layers under 
thermal loading. Then the traffic-related top-down cracking will be determined with 
combination of thermal-related cracking for field calibration in future work. The 
procedure to predict thermal-related top-down cracking is elaborated as follows. 
1) Collect the required climate data from LTPP and NSRDB database, including 
daily maximum and minimum air temperature, daily average temperature, 
daily wind speed, hourly solar radiation.  
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2) Interpolating the site-specific pavement temperature model parameters with 
collected data from NCDC or NSRDB database, including albedo, emissivity, 
thermal diffusivity, absorption coefficient, and the pavement parameter (a 
and d).  
3) Calculate the hourly pavement temperature based on pavement temperature 
model.  
4) Obtain the material properties data from LTPP database, including the raw 
dynamic modulus data, binder content, air void content, and aggregate 
gradation. 
5) Calculate the reference modulus and relaxation modulus, which are related to 
the dynamic modulus collected from LTPP database. 
6) Calculate the thermal stress over time for each selected pavement section by 
using equation 16. 
7) Calculate the J-integral using the calculated reference modulus and thermal 
stress by equation 20, in which the Poisson ratio, υ is assumed to be 0.3; the 
K2 and K3 are assumed to be zero; and K1 is determined by the equation 29 
[14]. 
8) Calculate the fracture parameters, A and n by obtaining the performance-
based material properties, as shown in equation 27 and 28.  
9) The initial crack length is assumed to be the average air void size. The 
regression relation between initial crack length and the air void content is 
shown in equation 30 [15].  
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10)  The crack increment due to the temperature variation (1 cycle = 1 hour) is 
calculated by equation 19.  
11) Calculate the average crack size over time by using equation 31.  
1 2
c
K 

           (29) 
where 
  K1 =  the Mode 1 (opening) stress intensity factor; 
  𝜎∞ = remote stress in a uniforms state; 
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4 RESULTS AND ANALYSIS 
 
This chapter details one case study of prediction of top-down cracking in asphalt 
pavement layers under thermal loading. The results of pavement temperatures, dynamic 
modulus master curves, relaxation modulus, unaged and aged thermal stress, and 
material properties are elaborated and analyzed as follows.  
4.1 Pavement Temperature 
One case study for estimating the top-down cracking in asphalt pavement layers 
under thermal loading would be elaborated in this chapter. One of the SHRP sections 
from LTPP database is taken as an example for the proposed mechanical-empirical 
approach of prediction of thermal-dependent top-down cracking. The example of SHRP 
section is 27-1018, which is located at Morrison, Minnesota and in the Wet-Freeze (WF) 
climate zone. The proposed approach for an estimate of thermal-dependent top-down 
cracking is schematically depicted in the figure 5. It is shown in the below flow chart 
that pavement temperature is determined firstly in order to compute the viscoelastic 
thermal stress based on the collected, daily wind speed, hourly solar radiation, hourly air 
temperature and site-specific pavement parameters. Table 1 presents the collected 
pavement parameters of emissivity coefficient, absorption coefficient, albedo, a and d.  
Moreover, the climate data of this section within a period of 26 years from 1984 
to 2010 have been collected from online database. The hourly solar radiation over 26 
years have been collected from NSRDB database regarding to the corresponding climate 
station close the selected SHRP section. The daily wind speed data have been obtained 
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from the LTPP database. The maximum, minimum and average air temperature data 
have been gathered from the LTPP database. The representative pattern of daily air 
temperature over a whole year is determined using time series analysis of a seasonal 
trend decomposition, which is a statistical approach as implemented in the function stl in 
Software R. This pattern is used to construct the hourly air temperatures based on these 
collected air temperature data.  
 
 
Figure 5. Flow Chart of the Process of the Thermal Crack Growth Computations 
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Table 1. Thermal Coefficients 
Emissivity 
Coefficient 
Absorption 
Coefficient 
Albedo  a d 
0.8 0.75 0.3 1.4 0.5 
 
 
Based on the collected climate data and site-specific thermal coefficients, the 
pavement temperature of this section has been determined by using the pavement 
temperature model as implemented in the software Visual Studio by using the C# 
programming language. The results of pavement temperature over a period of 1984 to 
1987 are shown in the figure 6. Obviously, it could be seen that this pavement section 
suffered an extremely severe winder over years and the lowest pavement temperature is 
less than -30℃. It illustrates that the low temperature could be regarded as one of the 
primary cause for the development of top down cracking. 
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Figure 6. Pavement Temperature versus Time 
 
4.2 Dynamic Modulus Master Curve 
Table 2 presents the dynamic modulus data that collected from the LTPP 
website. These dynamic modulus presented below is at five temperatures (14 ℉, 40 ℉, 
70 ℉, 100 ℉, 130 ℉) and six loading frequencies (0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 25 Hz).  
The Arrhenius model described in the equation 12 has been used to determine shift 
factor at five temperatures, as shown in the figure 7. It could be seen that shift factor 
decease with the increasing temperature.  The sigmoidal model presented in the equation 
10 have been used to construct the dynamic modulus master curve, as shown in the 
figure 8. It can be seen in the figure 6 that the sigmoidal model data almost perfectly 
match the laboratory dynamic modulus data collected from LTPP database. The table 3 
provides the sigmoidal model and Arrhenius model fitting parameters.  
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Table 2. Original Dynamic Modulus Data from LTPP 
Frequency, 
Hz 
E* (Psi) 
Temperature, F 
14 40 70 100 130 
0.1 2417611 998437 189391 42172 17947 
0.5 2765339 1394039 322960 67610 24447 
1.0 2896924 1575382 402447 84197 28543 
5.0 3159162 1999087 646456 143464 43024 
10.0 3254195 2175762 777748 181287 52407 
25.0 3364591 2398333 973652 246546 69156 
 
 
Table 3. Master Curve Coefficients 
c1 c2 c3 c4 Ea 
4.43 -2.49 0.423 -0.500 100756 
 
 
 38 
 
 
 
Figure 7. Shift Factor versus Temperature 
 
 
Figure 8. Dynamic Modulus Master Curve Based on Sigmoidal Model 
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In terms of the constructed dynamic modulus master curve using the sigmoidal 
model, the coefficients in Prony series model of relaxation modulus have been 
determined by fitting the master curve as shown in the figure 8. The equation 14 is used 
to construct the master curve of relaxation modulus, involving the Prony series 
coefficients. The more Prony series coefficients are selected, more accurate the 
relaxation modulus is calculated using Prony series model. Thus, thirty sets of Prony 
series coefficient are chosen in this study. Table 4 presents calculated the Prony series 
coefficients for the selected section.  
 
 
 
Figure 9. Dynamic Modulus Master Curve Based on Prony Series Model 
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Table 4. Prony Series Model Coefficients 
𝑬𝒊 (MPa) Retardation Time (sec) 
𝐄𝟏 710.0050896 𝝀𝟏 2.00E-14 
𝐄𝟐 710.0289252 𝝀𝟐 2.00E-13 
𝐄𝟑 710.2941641 𝝀𝟑 2.00E-12 
𝐄𝟒 720.1170417 𝝀𝟒 2.00E-11 
𝐄𝟓 1283.744622 𝝀𝟓 2.00E-10 
𝐄𝟔 721.3749882 𝝀𝟔 2.00E-09 
𝐄𝟕 1.41E-05 𝝀𝟕 2.00E-08 
𝐄𝟖 1930.238772 𝝀𝟖 2.00E-07 
𝐄𝟗 3018.999623 𝝀𝟗 2.00E-06 
𝐄𝟏𝟎 4024.928809 𝝀𝟏𝟎 2.00E-05 
𝐄𝟏𝟏 4352.227319 𝝀𝟏𝟏 2.00E-04 
𝐄𝟏𝟐 3992.908436 𝝀𝟏𝟐 2.00E-03 
𝐄𝟏𝟑 3059.513012 𝝀𝟏𝟑 2.00E-02 
𝐄𝟏𝟒 1533.448385 𝝀𝟏𝟒 2.00E-01 
𝐄𝟏𝟓 858.6732468 𝝀𝟏𝟓 2 
𝐄𝟏𝟔 282.9135338 𝝀𝟏𝟔 20 
𝐄𝟏𝟕 133.0550007 𝝀𝟏𝟕 200 
𝐄𝟏𝟖 109.1621086 𝝀𝟏𝟖 2000 
𝐄𝟏𝟗 0.753299441 𝝀𝟏𝟗 20000 
𝐄𝟐𝟎 6.5044783 𝝀𝟐𝟎 2.00E+05 
𝐄𝟐𝟏 2.58E-05 𝝀𝟐𝟏 2.00E+06 
𝐄𝟐𝟐 2.58E-05 𝝀𝟐𝟐 2.00E+07 
𝐄𝟐𝟑 2.58E-05 𝝀𝟐𝟑 2.00E+08 
𝐄𝟐𝟒 2.58E-05 𝝀𝟐𝟒 2.00E+09 
𝐄𝟐𝟓 2.61E-05 𝝀𝟐𝟓 2.00E+10 
𝐄𝟐𝟔 2.60E-05 𝝀𝟐𝟔 2.00E+11 
𝐄𝟐𝟕 6.021536141 𝝀𝟐𝟕 2.00E+12 
𝐄𝟐𝟖 67.00108037 𝝀𝟐𝟖 2.00E+13 
𝐄𝟐𝟗 93.3016193 𝝀𝟐𝟗 2.00E+14 
𝐄𝟑𝟎 2.105507334 𝝀𝟑𝟎 2.00E+15 
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4.3 Results of Thermal Stress 
The thermal stress in asphalt pavement layers is computed according to the 
equation 16. One program has been developed in Visual Studio software and C# 
computer language to calculate the hourly thermal stress based on computed hourly 
pavement temperature, shift factors and Prony series coefficients. The computed unaged 
hourly thermal stress over 5 years is shown in following figure. The unaged hourly 
thermal stress is computed without the consideration of age effect on the relaxation 
modulus. In other words, the original dynamic modulus data are used to compute 
thermal stress with aging time. It can be observed from the figure 10 that hourly thermal 
stress exhibits a high value in the winter and extremely minor value in the summer, 
additionally illustrating that low temperature has a paramount effect on the thermal 
stress and high temperature effect could be ignored.  
 
 
Figure 10. Unaged Thermal Stress versus Time 
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In addition to the unaged thermal stress, the aging of asphalt mixture is taken into 
account for more accurate computation of thermal stress in asphalt pavement layers with 
time in this study. The rheological activation energy approach has been accepted to 
model the temperature-dependent dynamic modulus for further calculating the thermal 
stress. The regression relationship between rheological activation energy of asphalt 
binder and aging time is represented in the figure 11. Moreover, the regression relation 
between rheological pre-exponential factor and rheological activation energy is shown in 
the figure 12. These regression relationships are referred to Luo et al. [9]. Both of these 
regression relationships are only suitable in the Wet-Freeze (WF) climate zone. 
According to the equation 18, the aged viscosity of an asphalt binder with aging time is 
determined based on these two regression relationships under five temperatures (14 ℉, 
40 ℉, 70 ℉, 100 ℉, 130 ℉). Furthermore, the aged dynamic modulus is determined 
using empirical dynamic modulus model presented in the equation 18 based on the aged 
viscosity at five temperature. The loading frequency used in equation 18 are 0.1 Hz, 0.5 
Hz, 1 Hz, 5 Hz and 25 Hz in order to correspond the original laboratory dynamic 
modulus data from LTPP database. The other parameters in equation 18 are material 
properties, as shown in the table 5 and 6.  The aged dynamic modulus master curve and 
aged relaxation modulus using Prony series model are established for computation the 
aged thermal stress, as shown in the figure 13. 
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Figure 11. Activation Energy for Viscosity versus Time 
 
 
Figure 12. Relation between the Ear and –LogA 
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The calculated results of aged thermal stress with aging time are larger than the 
unaged thermal stress, comparing with the figure 10 and 13. It is observed from the 
figure 10, the maximum thermal stress is larger than 4 MPa at the temperature less than -
30℃. However, it is seen from the figure 13 that the maximum aged thermal stress is 
larger than 7MPa during winter. Therefore, the difference between the unaged and aged 
thermal stress is not supposed to be ignored. Consideration of aging effect of asphalt 
binder for computation of thermal stress in asphalt pavement layers should be more 
acceptable for most research works.  
 
 
 
Figure 13. Aged Thermal Stress versus Time 
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4.4 Results of Thermal-Related Top-Down Cracking  
Prior to compute the thermal-related top-down crack growth with time, the 
fracture parameter in the equation 19 should be determined given the material properties, 
as shown in the equation 27 and 28. The table 5 presents the selected section information 
and corresponding material properties, including the air voids, asphalt content, and 
aggregate parameter obtained from LTPP database. The table 6 represents the aggregate 
gradation that can be used to fit the curve of the cumulative percentage passing versus 
the sieve size using an appropriate power law function in the equation 26. The aggregate 
shape parameter, ϕ is presented in table 5.  
 
 
Table 5. Section Information and Material Properties. 
State Name Minnesota 
County Name Morrison 
SHRP ID 27-1018 
Climate Zone WF 
BSG* 2.391 
Gmm** 2.452 
Air Voids (%) 2.49 
Asphalt Content (%) 5.5 
Aggregate Parameter (ϕ) 0.59 
 *: bulk specific gravity. **: maximum specific gravity.  
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Table 6. Aggregate Gradation (LTPP) 
Sieve Size Percent Passing by Weight (%) 
1 in. (25mm) 100 
3/4 in. (19mm) 100 
1/2 in. (12.5mm) 93 
3/8 in. (9.5mm) 84 
No.4 (4.75mm) 70 
No. 10 (2mm) 54 
No. 40 (0.425mm) 18 
No. 80 (0.177mm) 6 
No. 200 (0.075mm) 3.3 
 
 
The other two parameters used for the computation of fracture parameters, A and 
n are E1 and m that are used to characterize the relaxation modulus by power law 
function, as shown in the equation 22. The figure 14 illustrates that relaxation modulus 
in power law model is fitted by the one in Prony series model shown in the equation 12. 
Depending on the determined Prony series coefficients in the table 4, the parameters E1 
and m are determined as listed in the table 7. Therefore, fracture parameters are 
calculated using the regression functions in equation 27 and 28, as presented in table 7.  
The Paris’ law is used in this study to characterize the crack growth in the 
equation 19. Pseudo J-integral is the last variable to solve after the determination of two 
fracture parameters by a conversion from K to pseudo J-integral in the equation 20. 
Assuming that the Poisson ratio is 0.35 and both of K2 and K3 are assumed to be zero 
and K1 is determined by the equation 28, the J-integral will be calculated by using 
calculated reference modulus and thermal stress.  
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Figure 14. Relaxation Modulus versus Time Based on Power Model and Prony 
Series Model 
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The determination of thermal stress is taken consideration of aging effect of 
asphalt mixtures and is presented in the figure 13. The calculation of the reference 
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referred to the representative elastic modulus [4]. The dynamic modulus and relaxation 
modulus data are required to determine the reference modulus. The dynamic modulus, 
|𝐸∗| is determined by the equation 10 based on the constructed master curve (where 𝑓 = 
1 Hz), presented in the figure 8. The relaxation modulus E used in equation 21 was 
developed in the equation 21 as a simple power law model (where 𝑡𝑝 = 1 s), presented in 
the figure 9. The original reference modulus value is shown in the table 7. Due to the 
consideration of aging in asphalt mixtures, the kinetics-based aging prediction of the 
asphalt mixtures has been proposed in Luo et al [9] and used in this study for the 
calculation of aged reference modulus using the equation 23.  
In the equation 23, the initial modulus, fast-rate and constant-rate of aging 
activation energy and pre-exponential factors, the aging absolute temperature and 
intercept of the constant-rate line of modulus are required to achieve this kinetics-based 
aging prediction model. The initial modulus has been determined and presented in the 
table 7. The fast-rate and constant-rate of aging activation energy and pre-exponential 
factors for modulus are referred at Luo et al [9].  The hourly pavement temperature 
variations over years from 1984 to 1987 are calculated by the pavement temperature 
model in the developed computer program as a C# script file, as presented in the figure 
6. The harmonic mean of the temperatures is proposed to be an appropriate value as the 
aging absolute temperature. That is because the aging temperature herein follows the 
Arrhenius kinetics. The harmonic mean could provide the truest and desired average of 
rates. The intercept of the constant-rate line of modulus is determined by separation of 
the modulus into constant-rate part and fast-rate part. The obtained aged reference 
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modulus with aging time is illustrated in the figure 15. This shape of aged reference 
modulus with aging time is similar to the shape of pavement temperature with time in 
the figure 6, illustrating the reference modulus has similar variation of pavement 
temperatures. Furthermore, the reference modulus variation has increasing trend with 
aging time, as shown in the figure 15, in accordance to the field condition. That 
illustrates the importance of consideration of aging effect and more reasonable approach 
to determine the modulus with aging time.  
 
 
 
Figure 15. Aged Reference Modulus versus Time 
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herein to characterize the crack growth in the equation 19. The initial crack length is 
assumed to be the regression relation between average air voids size and air void 
content, as illustrated in the equation 30. The average crack length over years is 
calculated using the equation 31. Therefore, the result of crack length over years is 
shown in the figure 16 for the selected pavement section 27-1018. It illustrates that under 
the influence of temperature variations approximate 4 years have been taken to 
propagate cracks from surface to the bottom of asphalt pavement layers for the selected 
pavement section 27-1018.  
 
 
 
Figure 16. Crack Depth versus Time 
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5 CONCLUSIONS AND FUTURE RESEARCH 
 
The objective of this study is to develop a mechanistic-empirical approach to 
predict the top-down cracking under thermal loading in the asphalt pavement layers. 
This protocol depends on modeling of pavement temperature, thermal stress and crack 
propagation. The aging effect of asphalt mixture is taken into consideration in this study 
for the calculation of reference modulus and thermal stress. The estimation of thermal-
related top-down cracking is established using Paris law and implemented by a 
developed computer program in Visual Studio using C# language. The specific 
conclusions made in this study are as follows.  
1. The pavement temperature model developed by the research group at Texas 
A&M University [1] is adopted in this study and shows a better estimation of 
temperature variation over time in asphalt pavement layers. The required 
climate data and site-specific pavement parameters for this pavement 
temperature model are accessible at some online database, such as NSRDB 
and LTPP. The pavement temperature model is implemented by a developed 
temperature program to predict the pavement temperature rapidly and 
conveniently.  
2. The determination of viscoelastic thermal stress in asphalt pavement layers is 
according to a constitutive equation resolved by a finite difference solution. 
This solution is achieved by a developed thermal stress program to predict 
the hourly thermal stress. The Prony series coefficients and shift factors are 
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necessitated as inputs to the thermal stress program and obtained by the 
conversion of dynamic master curve and relaxation modulus on Prony series 
model. The rheological activation energy approach has been used in this 
study to predict the aging viscosity of binder for further envisioning aging 
modulus of asphalt mixtures which cannot be ignored in the computation of 
thermal stress.  
3. The estimation of thermal-related top-down cracking in asphalt pavement 
layers is implemented by a developed crack propagation program. The 
prediction of crack growth is achieved by using Paris’ law in which aging of 
reference modulus is taken into consideration to calculate the pseudo J-
integral. The kinetics-based aging prediction approach is used in this study 
for the calculation of aged reference modulus.  
4. The complete program is developed to accomplish the prediction of thermal-
dependent top-down cracking in asphalt pavement in this study. The required 
inputs, such as climate data, dynamic modulus, material properties are 
approachable, showing a better availability and simplicity of this application.  
Some future works for this study are detailed as follows.  
1. This study focuses on the thermal influence on top-down cracking. The 
calibration of this proposed mechanistic-empirical approach of prediction of 
thermal-related top-down cracking would be accomplished with combination 
of traffic effect on top-down cracking in asphalt pavement layers in 
comparison with the field longitudinal cracks data.  
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2. The aging characterization and prediction is achieved using kinetic-based 
aging prediction model in this study, as referred to Luo et al. [9]. 
Nevertheless, more calibration and validation work are required to ensure a 
better accuracy of this aging prediction and more activation energy data for 
modulus and viscosity for four climate data and various pavement sections 
would be further investigated for a better and widespread applicability.  
3. The considered aging effect in this study did not include the aging modulus 
with pavement depth. 
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